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Abstract

A predator-prey model with Beddington-DeAngelis functional response and disease
in the predator population is proposed, corresponding to the deterministic system,

a stochastic model is investigated with parameter perturbation. In Additional file 1,
qualitative analysis of the deterministic system is considered. For the stochastic
system, the existence of a global positive solution and an estimate of the solution are
derived. Sufficient conditions of persistence in the mean or extinction for all the
populations are obtained. In contrast to conditions of permanence for the
deterministic system in Additional file 1, it shows that environmental stochastic
perturbation can reduce the size of population to a certain extent. When the white
noise is small, there is a stationary distribution. In addition, conditions of global
stability for the deterministic system are also established from the above result. These
results mean that the stochastic system has a similar property to the corresponding
deterministic system when the white noise is small. Finally, numerical simulations are
carried out to support our findings.

MSC: 92B05; 34F05; 60H10

Keywords: predator-prey; Beddington-DeAngelis functional response; stochastic;
stationary distribution; stability; persistence; extinction

1 Introduction
Recently, epidemiological models have received much attention from scientists. Since the
pioneering work of Kermack-Mckendrick, there have been many relevant papers [1-8],
but only single-species is considered in these models. However, species does not exist
alone; while species spreads the disease in the natural world, it also competes with other
species for resource to exist, or is predated by their enemies. Therefore, it is more impor-
tant to consider the effect of multi-species when we consider the dynamical behaviors of
epidemiological models. There are not many papers [9-18] considering these two areas.
Due to its universal existence and importance, the dynamic relationship between the
predator and the prey has been a dominant theme in ecology. The predator’s functional
response is one significant component of the predator-prey relationship. Generally, the
classical Holling types I-1II are only related to the density of the prey, and Hassell-Varley
type [19], Beddington-DeAngelis type [20-23] as well as Crowley-Martin type [24] are
functions of both the prey and the predator densities. A lot of data show that the func-

© 2015 Li and Wang; licensee Springer. This article is distributed under the terms of the Creative Commons Attribution License
which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.


http://dx.doi.org/10.1186/s13662-015-0448-0
http://crossmark.crossref.org/dialog/?doi=10.1186/s13662-015-0448-0&domain=pdf
mailto:oklishuang@163.com

Li and Wang Advances in Difference Equations (2015) 2015:224 Page 2 of 21

tional response related to prey and predator densities performs much better. The classical
predator-prey model with Beddington-DeAngelis type functional response is
{x%t) = x(8) b1 — anx(t) - B0, »

Y () = Y(O)[=bs + O — ary(2)),

where x = x(¢) and y = y(¢) represent prey and predator densities at time ¢, all the coeffi-
cients are positive. We can refer to [20, 21, 25] for the biological representation of each
coefficient in model (1).

In this paper, we first introduce a deterministic predator-prey model with disease in
the predator and Beddington-DeAngelis functional response. We assume that the disease
only spreads among the predator population based on the basic epidemiological model,
namely the SI:

x(t) = %(8)[r — anx(t) - #ﬁ;l(ﬂ]’

1(0) = 0 (O)[—da — anyi(8) + s — By> (8)], )
Y5 (8) = y2(O) [By1(t) — d3 — az3y»(2)].

Let x(t) denote the population density of prey, y1(¢) and y,(¢) represent the population
density of the susceptible predator and the infected predator, respectively.

Model (2) is derived under the following assumptions: 7 is the intrinsic growth rate of
the prey, ay; is the overcrowding rate of prey population, and a;, is the capturing rate of the
predator. ds is the death rate of the susceptible predator, ay; is the overcrowding rate of the
susceptible predator. % is the rate of conversion of nutrient into the reproduction of the
predator. 8 is the transmission rate of the disease. We assume that infected predators do
not have capturing ability and do not recover or become immune, d3 and as; are the death
rate and the overcrowding rate of the infected predator, all the coefficients are positive
here. System (2) has four non-negative equilibria O(0,0,0), El(#,0,0), the disease-free
equilibrium E, (%, y1,0) and the positive equilibrium E* = (x*, y{, y3). E, exists if

anr > dy(ay +mr). (3)

E* exists if

anr > (dz + dg;”) (au +mr + nd;au ) (4)

agr
(do+ d3;22 )(ay +mr+ Lisﬁﬂu )

when Ry > 1. In addition, we can compute a useful result: J; < % if Rp < 1.

Define the basic reproduction number Ry = , obviously, E* exists

In fact, all the populations in the natural world are inevitably affected by environmen-
tal white noise which is an important component in reality. Therefore, many stochastic
models for single-species or multi-species have been developed [26-30]. In this paper,
considering the effect of environmental noise, we introduce stochastic perturbation into
some parameters. As we known, r is the intrinsic growth rate of preys, d; and d3 are both
death rates of susceptible predators and infected predators. In practice, these parameters
can be estimated by an average value plus an error term. By the well-known central limit
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theorem, we know the error term follows a normal distribution and sometimes depends
on how much the current population sizes differ from the equilibrium state. Hence, we
consider the perturbation as the following form [31-36]:

r—>r+ Glgl(t), —dz — —d2 + 0’232(1’), —dg —> —dg + Gng(f),

where o7 (i =1,2,3) is the intensity of noise and B;(t) (i =1,2,3) is a standard Brownian
motion. Corresponding to the deterministic model (2), a stochastic system has the follow-
ing form:

dx(t) = x()[r — aux(t) — %] dt + o1x(t) dBi (t),

1+mx(t)+ny1

dy(t) = ;i (8)[—da — axy () + %ﬂ) - By ()] dt + o291 (¢) dBo(2), (5)

1+mx(t)+ny1 (¢

dy,(t) = y2(O)[By1(t) — ds — azzy» (t)] dt + o3y,(t) dB3(t).

Throughout this paper, unless otherwise specified, let (€2, F, P) be a complete probability
space with a filtration {F;},. satisfying the usual conditions (i.e., it is right continuous
and increasing and F; contains all P-null sets).

The qualitative analysis of system (2) is in Additional file 1, here we mainly discuss the
stochastic system. In the following section, we derive the existence of a positive solution of
system (5), an estimate of the solution, and give the conditions of persistence in the mean
or extinction for both populations. We also show that there exists a stationary distribution
of the solution. As a result, conditions of global stability for model (2) are obtained.

2 Existence of the positive solution

In order for a stochastic differential equation to have a unique global solution for any given
initial value, the coefficients of the equation are generally required to satisfy the linear
growth condition and the local Lipschitz condition [37].

Theorem 1 For any initial value xo > 0, y10 > 0 and yyo > 0, there is a unique solution
(x(£),71(2),y2(2)) of system (5) on t > 0, and the solution will remain in R> with probability 1.

Proof Define a C?-function V : R2 — R, by V(x,1,y2) = (v — 1 —logx) + (y1 — 1 —log y1) +
(y2 —1-logy,), by a similar way of the proof in Theorem 2.1 of [34], Theorem 2.1 of [35]
and Lemma 2 of [36], we can have the required assertion. O

Though we cannot get an explicit solution for model (5), an estimate of positive solution
of (5) can be derived, we firstly show a very useful lemma derived from [38].
Consider the equation

dN(t) = N(0)[(a(t) - b(t)N(t)) dt + a(t) dB(1)]. (6)

Lemma 1 Assume that a(t), b(t) and o(t) are bounded continuous functions defined on
[0,00), a(t) > 0 and b(t) > 0. Then there exists a unique continuous positive solution N(t)
for any initial value N(0) = Ny > 0, which is global and represented by

exp{fot[a(s) - @] ds + a(s) dB(s)}

N() = n . 5 ,
1/No + [ b(s)exp{ [, [a(r) - O’T(’)] dr +a(t)dB(t)} ds

t>0. (7)
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Since the solution is positive, we have dx(t) < x(¢)[r — anx(¢t)] dt + o1x(t) dB;(t) from
system (5), let

2
(=21 )tv01B1 (0)
exp' 2
o(t) = = ,

1/x0 + an fot exp(" $)s+01B1() g

by Lemma 1, it is easy to see that ®(z) is the unique solution of the following equation:

do(t) = PE)(r — an®(t)) dt + o1 D(t) dBi (),
(D(O) =X0-

The comparison theorem for stochastic equations yields x(t) < ®(t), ¢ > 0, a.s. Besides,
a
dy:(t) < yl(t)[—dz —any(t) + %] dt + o2y1(8) dBs (1)
Obviously, by Lemma 1,

a o3
(“2L—dy—-Z )t+09 By (t)

o2
L 4 ay, f(; exp(%—dz—%)swﬁz(ﬂ ds
is the solution to the equation

AW (t) = Ui (6)(%2 — dy — axnWi(t) dt + oW1 (t) dBs (1),
W1(0) = y10,

and y1(t) < W4(¢), £ > 0, a.s. On the other hand,
dx(t) > x(t) |:r —anx(t) - %] dt + o1x(t) dBi (),
similarly, we can get x(¢) > ¢(¢), t > 0, a.s., where

2
a2 _ %9
exp(" == )t+o1B1(f)

P(t) =

2
a2_°%1
2

1/%0 + an fot expln s+0181() Jg

is the solution of

dp(t) = ¢(6)(r — “2 —ang(t)) dt + 01¢(t) dBy(2),
#(0) = xo.

It is easy to see that dy,(t) < y2(£)[BV1(£) — d3 — az3y2(£)] dt + 03y,(t) dBs(t), we also have
y2(t) < Wy(t), £ >0, a.s., and

exp{[(BW1(s) - ds — D) ds + o3 dBs(9))
L s fot exp{ [, (BY1(7) —ds - é)dr +03dBs(1)}ds

)20

Wy (2) =
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is the solution of

AW, (t) = Wa(t)(BYL(t) — d3 — azs Wa(t)) dt + o3 Wa(t) dBs(t),
Wy (0) = y20.

By system (5), we have dy;(t) > y1(¢)[-dy — axyn(f) + % BY,y ()] dt + o9 x

y1(t) dB; (). Therefore, we derive y(¢) > v (¢), t > 0, a.s., where

exp{ fo (it - d2—ﬁq/2(5)——)d3+02d32( )

m L+ a5, [ expl [ W%-dz-ﬁ%(r)- 2) dr + 05 dBs (7)) ds

)+n¥(t

Y (t) =

is a solution of

dyn (¢) = lﬁl(t)(% —dy — BWa(£) — anyn () dt + o2y (2) dBs(2),
¥1(0) = y10.

We can also get y(t) > ¥ (2), £ > 0, a.s., where

expl [l (BYn(S) — ds — %) ds + 03 dB3(5))

1/f2(’f) = ¢ s o2
yzio +ass [y exp{ [, (BY1(t) —ds — ) dt + 03dBs(t)} ds

is a solution of

Avra(t) = Yo (£)(BYn (£) — ds — asz o (2)) dt + o33 (t) dBs(2),
¥2(0) = y20,

then we derive the following theorem.

Theorem 2 Assume (x(£), y1(t), y2(t)) ont > 0 is the positive solution of system (5) for initial
value xo > 0, y10 > 0 and yy0 > 0, then there exist functions ®(), ¢(t), V(t), ¥i(t) (i=1,2),
defined as above, such that

o) =x(t) < @(t),  ¥i()) =yi(t) = Wit) (i=1,2),£=0,as.

3 Persistence in the mean and extinction
In order to consider the conditions of persistence in the mean and extinction for the prey
and predator population, at first, we give two useful lemmas. Applying It6’s formula to
system (5) yields

dlnx(t) = [r- —61 - aux(t) %] dt + o1 dB(t),

1+mx(t)+ny1 (¢)
diny(t) = [-dy - —any(t) + meym By2(t)] dt + 02 dBs(t), (8)
dlny,(t) = [/3)’1(7«‘) ds — 10} — azy,(t)) dt + 03 dBs(¢).

Lemma 2 The solution (x(t),y1(£),y2(t)) of system (5) for any initial value (xo, y10,y20) € R}
satisfies the following inequalities:
Inx(t 1 t
lim sup %() <0, lim sup %() <0, lim sup(

t—00 t—00 t—00

) 20
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Proof 1t follows from Eq. (8) that

dlnx(t) <[r- % 2 _ aux(t)] dt + o1dB(t),
dlny () < [ %02 any (t)] dt + oo dBy(2),
dlny,(t) = [ﬁ (¢ ) ds - (73 —agzya(t)] dt + o3 dBs(t).

Consider the following system:

dlnu(t) =[r- %02 —anu(t)) dt + o1dB1(t),

dinvy(t) = [2 —d - 505 — agpvi ()] dt + 02 dBs (1), )
dInvy(t) = [Bvi(t) — ds — 303 — assva(£)] dt + o3 dBs(t),

with initial value (%o, y10,¥20) € R3. By the comparison theorem for stochastic differential
equations, we have

x(2) < u(z), yi(£) <vi(t) (i=1,2),£€[0,+00),a.s.

In fact, by virtue of Theorem 3.3 and Corollary 3.4 in [39], we can get

Inu(t Invy(t
lim sup %) <0, lim sup th( ) <

t—00 t—00

1"’;(” < 0, limsup,_, o,

lim supHoo(—lnytlm + 2 t)) <0.

Applying Ito’s formula to exp(t) Inv;(¢) (i =1,2) results in

1“J’1(

Hence, limsup,_, < 0. In the following, we show that

exp(t) Invi(¢t) =Inyyo + fot exp(s)[Invi(s) + 2 —d - %022 —axnvi(s)]ds
+My(t),

exp(t) Invy(2) = Inyqyo + fot exp(s)[Invy(s) + Brvi(s) — ds — %032 —as3vy(s)] ds
+ M(2),

(10)

where M;(¢t) = fot o;exp(s) dB;(s) (i = 1,2) is a real-valued continuous local martingale with
quadratic form (M;(t), M;(t)) fo of 2 exp(2s) ds.

By virtue of the exponential martingale inequality of [40], for any positive constants T,
8 and 7, we have

P{ sup |:M (¢) - 8<M (8, M(t))i| }gexp(—an).

0<t<T
Choosing T = yk, § = exp(—yk), n = 6 exp(y k) Ink gives that

P{ sup [Mi(t)_M<

0<t<yk

Mi(t),Mi(t))] > 0 exp(yk)In k} <k,

where k € N, 6 >1 and y > 1. It follows from the Borel-Cantelli lemma that there exists
Q; C Q (i =1,2) with P(Q2;) =1 such that for any w € Q;, an integer k; = k;(w) satisfying

Mi(t) eXp(Z—Vk)<

M,»(t),Ml-(t)) +0exp(yk)Ink
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for all 0 < ¢t < yk and k > k;(w) can be found. Now let Q¢ = ﬂ?zl Q;, clearly, P() = 1.
Moreover, let ko(w) = max{k;(w), i = 1,2}, then for any w € Q, it follows from Eq. (10) that

exp(t) Invi () <Inyy + fot exp(s)[Invy(s) + %2 —d — %022 —axvi(s)] ds

+ fot exp(s) % o exp(s — yk) ds + 0 exp(y k) Ink, an
exp(t) Invy(2) <Inyyo + fo exp ($)[Invy(s) + Bri(s) —d3 — —03 —as3va(s)] ds

+f0 exp(s 3 exp(s — yk)ds + 6 exp(y k) Ink

forall 0 <t < yk and k > k;(w). Then

exp(t) [ln vi(t) +1In vz(t)]

t
<Inyio +Inyy + / exp(s) [ln vi(s) — (az2 — B)vi(s) + %
0

1 1
—dy — 02 +1nvy(s) — azzva(s) —ds — 50'32] ds

¢ 3. 2
o
+ [ exp(s — exp(s — yk)ds
| PO expls v
+ 20 exp(y k) Ink.

It is easy to see that for any 0 < s < yk and (u(s), v1(s), v2(s)) € R3, there exists a constant
A independent of k such that

a 1 1
Invi(s) — (a2 — Bvi(s) + % —dy - 5022 +1nvy(s) — aszva(s) —ds — 5032
+ Z exp(s -vk) <
Hence, it follows that for all 0 < ¢ < yk, with k > ky(w), we have
t
exp(t)[Invi(2) + Invy ()] <Inyio + Inyyo + / Aexp(s)ds + 20 exp(y k) Ink.
0

Thus,
Invy(¢) + Invy(2) < exp(—t)[Inyyo + Inyyp] + A[l - exp(—t)] + 20 exp(—t) exp(y k) Ink.

Consequently, for y(k—1) <t < yk and k > ko(w), it follows that

1 1 1 All - -
nv(t) . nvy(f) < L exptinyo + Inyao] + [1—exp(-)]
t t t t
. 26 exp(—y (k — 1)) exp(y k) Ink
. .

Now let k — +o00, then t — +00, we have

1 ) 1 t
limsup(%() + w) <0.

t—00 t
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Therefore,
1 ) 1 t
limsup( (@) + w) <O0. 0
t—00 t t
Definition 1

(1) The population x(¢) is said to be non-persistent in the mean if (x(¢))* = 0, where
(f@) =1 fotf(s) ds, f* = limsup,_, , . f(t), fu = liminf,_, , o f(2).

(2) The population x(¢) is said to be weakly persistent in the mean if (x(¢))* > 0.

(3) The population x(¢) is said to be strongly persistent in the mean if (x(¢)), > 0.

Lemma 3 [41] Suppose that x(t) € C[Q x R,,R°], where R® := {a|a > 0,a € R}.
(I) Ifthere are positive constants ko, T and A > 0 such that

Inx(t) < At —Ag ftx(s) ds + Z BiBi(t)
0 i=1

fort > T, where B; is a constant, 1 <i < n, then (x)* < L/Ao, a.s. (i.e., almost surely).
(II) Ifthere are positive constants ho, T and A > 0 such that

Inx(t) > At — Ao / tx(s) ds+ Y BiBi(t)
i=1

0
fort > T, where B; is a constant, 1 < i < n, then (x), > LlAo, a.s.

Theorem 3 For the prey population, we have:

(i) Ifr< %0'12, then the prey population x(t) will go to extinction a.s.

11 r = 507, tnen tne prey population x(t) is non-persistent in tne mean a.s.

(ii) Ifr = $07, then the prey population x(t) is non-persistent in th

111 r> oy, tnen tne prey poputation x(t) s weakly persistent in tne mean a.s.
(iii) Ifr > YoP, then the prey population x(t) is weakly persistent in th

v r> so{ + ==, tnen tne prey population x(t) is strongly persistent in tne mean a.s.
(iv) Ifr> 50i + %2, then the prey population x(t) is strongly persistent in th

Proof 1t follows from the first equation of system (5) that
dx(t) < x(t)[r - aux(t)] dt + o1x(t) dBi (t),

the right-hand side is a logistic system, because of the comparison theorem, Theorem 2,
Theorem 7 and Theorem 8 in [42], we can get consequences (i) and (ii).

(iii) We need to show that there exists a constant p > 0 such that for any solution of
system (5) with initial value (xo,y10,720) € R? satisfying (x(¢))* > p > 0. Now we assume
that the contrast is true, let &; > 0 sufficiently small such that (-d; - %) + ane <0,
(r - %012) — apé > 0, then for g > 0, there exists a solution (%, y;,y,) with initial value
(%0, ¥10,¥20) € R® such that P{(x(¢))* < &1} > 0.

By virtue of system (8), we have

Iny(t) -1 2 By(¢
711}11( )t 110 < (—dz - %) +ﬂ21<7_‘(t)) + 03 2t( ).

_ 2
We also have lim;_, ;o0 BZT(” = 0, thus limsup,_, , lnyt‘(t) < (-dy - %2) + daye < 0, then

11mt~>+005’1(t) =0.
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It follows from system (8) that
_ 1, _ _
dinx(t) > |r- 501 —anx(t) — apy:(8) | dt + o1 dBy(t).

Integrating both sides from [0, £] and multiplying by %, we obtain

71n5c(t)t— Iny > (V— %(712) - ﬂu(’_c(t)) - 6112(5’1(0) + UlBlt(t),

then limsup,_, , 1"’_;(” > (r- %of) —ay &1 > 0, which contradicts Lemma 2. Therefore, our
assumption is false, (x(£))* > 0, the prey population x(¢) will be weakly persistent in the
mean a.s.

(iv) It is easy to get
dx(t) > x(t) |:(r - %) - anx(t):| dt + o1x(t) dBy(t).

Similarly, by the comparison theorem, Theorem 2 and Theorem 10 in [42], result (iv) is
O

obtained.
Remark1 By Theorem 3, we find that r — %012 is the threshold between weak persistence
in the mean and extinction for the prey population. If %012 > r, then the prey population
will be extinct in the future, no matter whether the predator exists. It implies that envi-

ronmental random perturbation plays a very important role in the biological system.

Theorem 4 For the predator population, we have:
2
(i) Ifax(r- %af) <an(dy + %2), then the susceptible predator population y,(t) will go
to extinction a.s.
2
(ii) Ifan(r- %012) =an(dy + 072), then the susceptible predator population y;(t) is
non-persistent in the mean a.s.
2 (72
(iii) If Bax(r- %012) < Ban(dy + %2) + andon(ds + 73), then the infected predator
population y,(t) will go to extinction a.s.
2 2
(iv) If Bas(r— %012) = Ban(d, + 072) + anagy(ds + %3), then the infected predator

population y,(t) is non-persistent in the mean a.s.

Proof (i) Ifr < %012, then it follows from Theorem 3 that (x(¢))* = 0. By the second equa-

tion of system (8), we have

Iny(2) -1 ;
M < (—dz - %) +an(x(t) + aszt(t). (12)

2
Hence, [t Iny1(¢)]* < (~d5 — %) <0, then lim,_, .00 y1(£) = 0.

Now we consider that if r > %012, it follows from the first equation of system (8) that

lnx(t)t— Inx - (r— %012> — anx()+ UlBlt(t)~
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Applying Lemma 3 leads to

1.2

(o)) < 2270 (13)
an

Substituting the above inequality into (12) gives

2

[ lnyl(t)]* < (—dz - %) + aZI(x(t))* <

1.2 o3
an(r— 201 ) —an(dy + 7)

<0, (14)
an
which implies that lim;, ;o ¥1(£) = 0 a.s.

(ii) Assume (y;(£))* > 0, then it follows from Lemma 2 that [t} Iny;]* = 0. Making use of
(14), we can see

2

0=[t"Iny@®)] < (—dz - %) +an (x(2))". (15)

On the other hand, for sufficiently small ¢35 > 0, there exists T5 > 0 such that for all ¢ > T3,
an (x(2)) < ax (x(£))* + &3.
Substituting these inequalities into the second equation of system (8) yields that

By(t)

w < (—dz - %22> + am(x(t)> - a22<y1(t)> +09

2
: (_d2 - 072) +an(x())" + &3 — an(n (@) + 0s th(t),

then application of Lemma 3 and (15) results in

o) = =2 P+ anlsO) +es
a

2
Condition ay; (r — %012) =an(dy + %2) means that » > %af, because of (13) and the arbitrari-

ness of &3,

_lg2y_ %
(yl(t)>* < an(r 201) an(ds + 2 ) -0, (16)

ajan;

which is a contradiction to our assumption, therefore, (y;(t))* = 0 a.s.
2
(iii) If @y (r — %(712) < an(dy + 672), then from (i) and (ii), we get (y1(¢))* = 0. Hence, it
follows from the third equation of system (8) that

Bs(t)

1 -1
22020 _ gy, ) - ds - 03 ~asfyalt) + 0 = a7

t

Taking superior limit leads to [t Iny,(£)]* < —d3 — 30 <0, then lim,, ;o y2(£) = 0 as.

2
If an(r - %012) > an(dy + %2), r> %012 must be verified, thus by the proof of (ii), we have
(16), that is,
o an(r—307)—an(ds + ?)
@) < .

ana
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At this time, making use of (16), we obtain

(' Iny(®)” < Bl () — ds éogz

- Bax(r— o) — Ban(dy + —) andxn(ds + it =)

ana

<0,

then lim,_, ;oo ¥2(£) = 0 as desired.

(i) If an(r - 1o?) = fan(ds + %) + anan(ds + %), then an(r - 10?) > an(ds + %)
and r > %012. By the properties of superior limit, for sufficiently small &4 > 0, there exists a
constant Ty > 0 such that for all £ > Ty, (y1(£)) < ()1(£))*

Substituting (16) and the above results into (17) yields

2
Inyy(£) —Inyyy  PBan(r—1ol) - Ban(ds + 2) o?
y ¥ < 271 2 + &4 — dg -3 ﬂss(}’z(ﬂ)
t anda 2
Bs(t)
+ O3
t
Ban(r - —01) Bau(dy + —) anan(ds + —)
=< + &4
ana
3(t)
- ﬂ33<y2(t)) +03 ;
o2 o2
d d3+ %3 oy
By Lemma 3, (y,(¢))* < a;g [ﬂa21 of)-p auﬂ(ﬂ;ﬁ;; yenen(dsty) | &4] = % Considering the

arbitrariness of &4, we have (y,(£))* < 0. Notice the positivity of the solution (x(z), y1(£),
¥2(t)), it is easy to get (yo(£))* = 0 a.s. O

Remark 2 Observing conditions (i) and (iii) of Theorem 4, we can see that if condition (i)
is true, (iii) must be verified. That is to say, if the susceptible predator population goes to
extinction, the infected predator population will also die out, which is consistent with the
reality. Though we have some difficulties to research persistence for the predator popula-

tion now, we can consider it in another way in Section 5.

Remark 3 It follows from Theorems 3, 4 and Theorem A.4in Additional file 1 that the so-

lution of stochastic system (5) satisfies (x(¢))* < /2% when r> 01 Ifr> 012 42, then

1 o2_412
(x(t))s > % When o = 0, the upper bound and lower bound are the same w1th K

and K in Theorem A .4, this is consistent with our expectations. Besides, if a; (r — ) >
2 2
o a r——az) a1 (d: +U—2) Bao1 (r-+02)—Bay (d +2 )—araz(d3+ ) .
dll(dZ + 22 ) (yl(t) 21( ;11‘12121 2t . O’z(t))* S 21 291 ;111;22(1?’3 11a22(a3 2 lf

Bay (r— —al 2> Ban(dy + —) + andn(ds + —2) These results are all the same conclusions
with K; and K, in Theorem A.4 when o = 0 (i = 1,2,3). Furthermore, we find that the
upper bound and lower bound of the solution for the stochastic system are smaller than
those for the deterministic system. It means environmental random perturbation can re-

duce the size of the population to a certain extent.
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4 The long time behavior of solution
For system (2), by analyzing the characteristic equation of four equilibria, we can easily get
sufficient conditions of local stability for these equilibria. At this time, we know O(0, 0, 0)
is saddle, not stable. If ay 1 < dy(a11 + mr), then E; is locally asymptotically stable, and the
disease-free equilibrium E; does not exist. When r > ‘%2, anr > dy(an + mr) and Ry <1 are
verified, the disease-free equilibrium E,(%,7%,0) is locally asymptotically stable, E* does
not exist; when Ry > 1 and r > 2, the positive equilibrium E* is locally asymptotically
stable.

For stochastic system (5), E; and E, are no longer equilibria, but in this section we
can study the asymptotic behavior of solution around them. Meanwhile, the conditions
of global asymptotic behavior for E; and E; are derived.

Theorem 5 If ayr < and,, then for any given initial value (xo, Y10, y20) € Ri, the solution
X(t) = (x(2), y1(2), y2(8)) of system (5) has the property

. 1 t 2 a21012r
U R CERTREES vt

here . = min{az a1, apai1, a12a33}.

Proof Define a function V(£) = ¢;(x - i - é log @) +Coy1 + ¢392, where¢; (i =1,2,3) are

positive constants to be determined later. Then the function V(¢) is positive definite, and

av(t) =g (x— L) |:r— anx — %} dt
an 1+ mx+ny

2
L dt + C1 (x - L)Ul dBl(t)
2an an
anx
+Co)1 |:—d2 —any + 2 ,33’2:| dt + 20091 dBy(2)
1+ mx + ny;

+c3y2[Byn — ds — assys] dt + c3o3y2 dBs(2).

Here,

2
LV=c¢(x- r —an(x- Ty ani . ao;r
an an 1+ mx + ny; 2ay

arnx

+ )1 |:—d2 —anjy + - ﬂy2:| +C3)2 [,3)/1 —d3 - ﬂssyz]

1+ mx+ ny

2 r
r Caxn Qanz=n  colr
= —C1d11 - + +

an l+mx+ny, l+mx+ny,  2an

C2a21XY1

——————— — N1y + c3By1y2 — cadzys — Csﬂssy%-
1+ mx+ny

2
- Czdzyl — Gy t

Let ¢; = a1, ¢p = ¢3 = app, then

2 r
r aan—y1  colr
11 1
LV = —qan|(x-— | + +
an l+mx+ny;  2an

2 2
= Czdzyl —C2d)] — Cadsyz — €3d33)y
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2
r r
<-aan|x-—) - |cdr—aan— |n
an an

aolr
2(111

2 2
— €AY — C3d3y2 —€3d33)y t+

If ands > anr, thus

2
r ) , aolr
LV < —qan|x—— | —caany; —c3assy; + )
an 2ay
therefore,
r\2 clolr
1971
av < —[clau (x - —) + Caany + 03a33y§] dt + dt
an 2an

+C (x - aL)Ul dBl(t) + C202)1 de(t) + C303)2 ng(t)
11

Integrating both sides of the above inequality from O to ¢, then taking expectations, yields

t r\? ) ) aolr
0 §E[V(t)] < V(0) - /L/ E|:(x(s) - —) +91(8)° + y2(s) :|ds+ t,
0 an 2an
which leads to
1 [t r\?2 colr
limsup- | E|[(x(s)— — ) +m@s)*+ s2:|ds< Ly
msup [ | (36)- 2 ) e 0| < £
here u = min{ay an, a12a11, d12a33}. The result is straightforward. O

When o; = 0 (i = 1,2,3), system (5) becomes system (2). By Theorem 5, we know the
stability of equilibrium E;.
Corollary 1 If anr < and,, the equilibrium E1(ﬁ, 0,0) of system (2) is globally asymptot-
ically stable.
Remark 4 It is not difficult to find that the solution of stochastic system (5) fluctuates
around equilibrium El(ﬁ,0,0) of system (2) when E; is globally asymptotically stable.
The intensity of fluctuation is relevant to o2. The smaller o7 is, the weaker the fluctuation

is.

Theorem 6 Assume ayr > dy(ay + mr), ay > m(r — anx) and Ry < 1, for any given initial

value (%o, y10,y20) € R?, the solution X(t) = (x(£),y1(£),y2(¢)) of system (5) has the property

a2 N2
clxal + C2y102

2 2%

’

t
lim sup %/ E[|X(s) - E> ||2]ds <
< tJo

t—+
where ¢1 = an(1+ny1), ¢ = ¢3 = arp(1 + mx) and i = min{[ay — m(r — ank)]c1, caany, c3ass).

Proof Define a C? function V : R — R, by

V(t) = cl(x—fc—fclog%) + Cz(yl —5/1 —5/1 log;/%) + C3)2,
1
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where ¢; > 0 (i = 1,2, 3) are constants to be chosen later. Make system (5) into the following

form:

A 1 (=) —(y1=91) A +mx
dx = x[-ay (x - ) + ap %] dt + ox dBi(t),

dyr = y1l-an(y —n) + 6121% — By2ldt + 021 dBs(t),
dyy = y2[Byr — d3 — azzys] dt + o3y, dBs(t).

From Itd’s formula, we compute

Cla12m5’1(x - &)2
(1 + mx + ny))(1 + mx + nyy)

av = |:—c1a11(x —56)2 +

a crann(l + mx)(x — %) (y1 — )
(1 + mx + ny1)(1 + mx + ny;)

] dt + 610'1(96 —.;C) dBl(t)

caani (1 + ny)(x — %) (1 — 1)

+ 619’20'12
(1 + mx + ny1)(1 + mx + ny)

dt + |:—C2ﬂ22()/1 —5/1)2 +

S A2 A2
B Cran nx(y1 ylz =i + %2 |
(1 + mx + ny))(1 + mx + ny;) 2

+c2(y1 — 1)02dBy(t) + [c3y2(By1 — ds — azsy2) | di + c303y2 dBs(¢).
Make ¢; = a1 (1 + ny1), ¢3 = arp(1 + mx), therefore

am(r — an®)(x - )

LV < —cian(x - %)% + — c2an(n - )’

1+ mx+ny
) L)
C1X07 + C2)109

— C2fy1ys + CafYa + 3 By1y2 — Cadsys — cadzzys + 5 5

Let ¢y = c3, then
LV < —cian(x - 56)2 +em(r — anX)(x — 56)2 — coan (1 —5’1)2

a2 N2
C1X07 C2)109
+ T .

—(c3ds — c2p9n)ys — c3a335 +

When Ry < 1, we have d3 — 8y > 0, thus

A2 N2
C1X07 €210,
2

LV < —ci[an - m(r — an®)|(x - 2)* - caa0(y1 = $1)” — c3as3y3 +

If ay > m(r — anx), set it = min{[ay; — m(r — ank)]ci, caasy, c3ass}, integrating both sides
from O to ¢, taking expectations leads to

A2 N2
C1X07 €2)109

0 <EV(t) < V(0) —/1/0 E[(x(s) —5c)2 + (yl(s)—jzl)2 +y5(s)] ds + (T + T)t

Dividing both sides by ¢ and letting t — +00, we get

A2 N2
CIXUI + czyloz

201 27

lim sup % /0 E[(x(s) —&)2 + (yl(s) —5/1)2 +y§(s)] ds <

This completes the theorem. d
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When o, =0 (i =1,2,3), it is easy to get the following.

Corollary 2 Assume ayr > dy(ay + mr), the disease-free equilibrium E,(,%,,0) of system
(2) is globally asymptotically stable when ay; > m(r — anx) and Ry < 1.

Remark 5 The solution of stochastic system (5) fluctuates around the disease-free equi-
librium E5(%,%1,0) of deterministic system (2) when E, is globally asymptotically stable.
The values of 62 and 0 determine the extent of fluctuations.

Lomdr-and) o have & > - — 42 when r > %2, The condi-
ayl—nr+nailx all nail n

tion ay; > m(r — a;1x) in Theorem 6 is equivalent to X > # — %, thus, if ma;y < nay;, the

Remark 6 According to ¥, =

condition ay; > m(r — a;;x) must be verified. Therefore, the condition ay; > m(r — a;1%) in
Theorem 6 can be replaced by the condition a5 < min{*, nr} which is easier to verify.

5 Stationary distribution
Before giving the main theorems, we first give a lemma [43].
Let X(¢) be a homogeneous Markov process in E; (E; denotes Euclidean [-space) de-

scribed by the stochastic equation

k
dx(t) =b(X)dt + Z 0,(X) dB,(2). (18)

r=1
The diffusion matrix is

k

AW = (a®), ay®) =Y o} (x)o] ).

r=1

Assumption B There exists a bounded domain U C E; with regular boundary I', having
the following properties:
(B.1) Inthe domain U and some neighborhood thereof, the smallest eigenvalue of the
diffusion matrix A(x) is bounded away from zero.
(B.2) Ifx € E/\U, the mean time t at which a path issuing from x reaches the set U is
finite, and sup, i E;T < 00 for every compact subset K C E;.

Lemma 4 [43] If Assumption B holds, then the Markov process X(t) has a stationary dis-
tribution u(-). Let f(-) be a function integrable with respect to the measure . Then

1T
Px{Tlgr;c R ors| lf(x)u(dx)} -1
forallx € E;.

Remark 7 To validate (B.1), it suffices to prove that F is uniformly elliptical in U,
where F, = b(x) - u, + [tr(A(x)uy,)]/2, that is, there is a positive number M such that
Zf}'ﬂ aj(x)&& > MIE*, x e U, & € R¥ (see p.103 of [44]). To verify (B.2), it is sufficient
to show that there exists some neighborhood U and a non-negative C*-function V such
that for any x € E/\U, LV is negative. (For details, we refer to p.1163 of [45].)
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Theorem 7 Assume Ry > 1 is satisfied, an > m(r — anx™), and w < min{ay (an — m(r —

anx®))(1+ ny})(x*)?, arndsn (1 + mx*) ()%, arpass (1 + mx*)(y3)?}, where

) anx*ol(1+ny;) ) apyio}(l+ mx*) N any;od(l+mx*)
2 2 2 ’

then there is a stationary distribution u(-) for system (5) and it has ergodic property.

Proof System (5) can be written as the form of system (18),

x(t) X()(r - anx(t) - 20—
d| 510 | = | 11O (~da — a0y (t) + s — By (1) | dt
72(t) 72(8)(By1(8) - ds — 4z (1))
o1x(t) 0 0
+ 0 dBi(2) + | ooy (t) | dBa(t) + 0 dBs(¢),
0 0 032(t)

and the diffusion matrix is

olx*> 0 0
o39f 0
0 oy

A=| o
0 >

Define
x
V(x,y1,52) = a1 (x —x* —x"log —*> + o <y1 -y —yflog y—i)
x N
+63(yz -9 —yélogy—i),
b))

where ¢; (i = 1,2,3) are positive constants to be determined. System (5) can be rewritten
as

myF (x—a*)—(y1 ) (ma* +1)
dx = [—xay (x —x*) + appx (11+mx+ny1)(i+mlx*+ny ] dt + o1xdB(¢),

(x=x™)A+nyy)—nx* (y1 -y
dyl - 6122}’1 ()/1 - yl) Bn (yz - y2) +tanyn 1+mx+ny1)1(1+mx* +1ny11) ldt

+ 09y1 dBs(2),
dyy = [By2(01 — %) — assy2(y2 — ¥5)1 dt + o3y, dB3(¢).

(19)

If (x,51,92) € RE, applying Itd’s formula to system (19) gives

LV = ¢ XX dx + x (dx)? | + ¢o udyl+y—l(dyl)2
x 2x2 1

te [” y2dy+ (dyz)]
Y2 J’

.l (x—x*)2 apmy;(x —x*)? —ann(y — y§)(x — x*)(mx* +1)  x*o
! 1 (1 + mx + ny1))(1 + mx* + nys) 2

+¢ [—azz (n —yi‘)z =B -91) (72 -)
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. an (x — &%) (1 + ny}) o — y5) — annx* (1 — y5)? . yio5
(1 + mx + my)(1 + mx* + nyy) 2

) . o2, 503
+Cs[ﬂ(y1—y1)(yz—yz)—ﬂss(yz—yz) +T}

aanmy;(x — x*)?

2
= —can(x-x%)" +
! 11( ) (1 + mx + ny1)(1 + mx* + nyy)

aan(y —y)x —x*)(mx* +1)  cxtol

2
C +max+ ny)(1 + mx* + nyy) 2 22 (yl —)/1)

caan (x —x*) (1 + nyy)(y1 — 97)
(1 + mx + ny1)(1 + mx* + nyy)

B -y1) (2 -y;) +

*\2 * 2
crannx*(y1 — y7) 2010,

(1 + mx + ny1)(1 + mx* + nys) 2

c *02
+csB(n —y7) (72 - 93) — csazs(y2 —J’;)Z + 3)’; =

Here, let ¢; = an (1 + myy), ¢z = c3 = ara(1 + mx*), therefore,

cmumyi‘ (x - x*)z

LV <- —x)? - -5)’
< —aan(x-2")"+ (1 + mx + ny))(1 + mx* + nyy) (1 -5i)

ax*ol oyio} cyiol
2 2 2
anapmyi 1+ nyy) (x— x*)2
(1 + mx* + myy)

—€3d33 (yz —y§)2 +

< —|:6l11(121 (1 + Vlyr) —

— apaz (1+mx*)(n —yi‘)2 —apaszs (1 +mx*)(y, —y;)2

anx*of(L+nyf)  apyiof(1+mx*)  apysoi(l+mx*)

2 2 2

= —[aua21 (1 + nyi‘) - zzzlm(r - aux*) (1 + ny’f)](x —x*)2

—apax(1+mx*)(n —y;‘)2 —apaszs (1 +mx*)(y, —y;)2

N anx*of (1 +ny;) N anyio}(1l+ mx*) N apyiod(l+ mx*)

2 2 2

When w < min{ay(an — m(r — anx*))1 + ny)(x*)?, anaxn(l + mx*)(y})?, anas (1 +
mx*)(y3)?}, the ellipsoid

2 2
—ax (an — m(r — anx®)) (1 + my}) (x — %) — arpazs (1 + mx*) (y1 - »7)
« 2
—apaz(1+mx*)(y—y3) +w=0
lies entirely in Ri. We can take U to be a neighborhood of the ellipsoid with UCE;= Ri,
so for (x,91,72) € Es\U, LV < —K (K is a positive constant), which implies that condition

(B.2) in Lemma 4 is satisfied.

Besides, there is M = min{o2x?, 02y%, 53y3, (x,y1,72) € U} > 0 such that

3

2. .22 2 282 2 22 2
Y ajsis = ola%E} + 0}yiE] + odyaEd = Mg
ij=1
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for all (x,y1,y2) € U, & € R?, which implies that condition (B.1) in Lemma 4 is satisfied.
Therefore, the stochastic system (5) has a stationary distribution w(-) and it is ergodic.
O

Without considering the random fluctuations of environment, that is say, o; (i = 1,2, 3) =
0, according to the proof of Theorem 7, it is easy to get the following conclusion.

Corollary 3 Assume Ry > 1, when ayy > m(r — anx™), the positive equilibrium E*(x*, y5,y3)
of system (2) is globally asymptotically stable.

6 Numerical simulation
In order to confirm the results of Sections 3 and 5, we numerically simulate the solution of
stochastic system (5). For system (5), we use the Milstein method mentioned in Higham
[46] to substantiate the analytical findings. We consider the following discrete equations:
K = X+ 2 [(r — anxe — ) At + oren/ At + 5o (e — 1AL,
Yrker = Yk + 1kl(=da — amyp + T2 = Byak) At + 026N/ At
+ 207 (e, — 1AL,

Vodert = Yo + Yar[(Byrk — ds — assya ) At + o3e3V/ At + 203 (e3, —1)At],

where time increment At = 0.1 > 0, and ¢4 (i = 1,2,3) are N(0,1) distributed indepen-
dent random variables which can be generated numerically by pseudo-random number
generators.

Here, let r =0.8, 411 =0.2, a1 =08, m=n=0.5,d, = 0.2, axp, = 0.2, ax; = 0.6, 8 =04,
ds = 0.2, az3 = 0.1, xp = 0.6, y10 = 0.4, y20 = 0.2, then E*(x*,7,y;) = (3.0401,0.6872,
0.7488). At first, in the absence of noise, in view of Corollary 3, the equilibrium E*(x*, y§, y5)
of deterministic system (2) is globally asymptotically stable, Figure 1 confirms it. We
choose 01 = 0.08, 05 = 0.02, 03 = 0.05, then (4) is satisfied, a;; > m(r —a;x*), » ~ 0.01, and
min{ay; (a1 — m(r —anx*)) (1 +ny}) (x*)?, arnany (1 + mx*)(y;)?, arnass (1 + mx*)(y5)*} ~ 0.113.
Hence, the conditions of Theorem 7 are verified, there is a stationary distribution for sys-
tem (5). Figure 1 shows that the solution of (5) is fluctuating around the positive equi-
librium E* of deterministic system (2) in a small neighborhood. In the last figure from
Figure 1, we can see that all the solutions of system (5) are around E*, which illustrates
that there is a stationary distribution for system (5).

Suffering large density of white noise, we can refer to Figure 2 which also simulates sys-
tem (5). Here, we choose r = 0.4, 01 = 1, 05 = 0.8, 03 = 0.5, the other parameters are the
same, the conditions of Theorem 7 are not verified, then by Theorems 3 and 4, all the
populations of stochastic system (5) will become extinct, which does not happen in the
corresponding deterministic system (2). Figure 2 shows it.

7 Conclusions

A stochastic model corresponding to a predator-prey model with Beddington-DeAngelis
functional response and disease in the predator population is investigated. We show that
system (5) has a unique global positive solution as this is essential in any population
dynamics model. We also give an estimate of the solution by the comparison theorem.
The threshold between persistence in the mean and extinction for prey population is
given. Sufficient conditions of extinction for both the susceptible predator and the infected
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Figure 1 Solutions of systems (2) and (5). The black lines represent solutions of deterministic system (2),
red lines are solutions of stochastic system (5), the last figure of Figure 1 is the population distribution of
system (5) around £*.
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Figure 2 Solutions of systems (2) and (5). The red line represents the prey population, the purple line and
black line are susceptible predator and infected predator population, respectively. The left figure is the
solution of deterministic system (2), the right one is the solution of stochastic system (5).

predator are obtained. Furthermore, sufficient conditions of permanence for deterministic
system (2) are derived in Additional file 1, which can give us a contrast between stochastic
system (5) and its corresponding deterministic system (2). This shows that environmental
perturbation will make the reduced population size. There is a stationary distribution for
system (5) when the environmental noise is very small, we can consider it as stability in
stochastic sense. By the way, conditions of global stability of system (2) can be established.
Numerical simulations illustrate that if the positive equilibrium of the deterministic sys-

tem is globally stable, then the stochastic model will preserve this nice property provided
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the noise is sufficiently small, but it is not true when the noise is large. All these conse-
quences imply that the environmental white noise has an important effect on biological
systems; therefore, it is more realistic and suitable to include random effects in the models.

Some interesting questions deserve further investigation. Here, we cannot get the con-
dition of persistence for the predator population at present. In fact, there are some diffi-
culties that cannot be overcome at present, we leave them for future research. Moreover,
it is interesting to study other parameters perturbed by the environmental noise.

Additional material

Additional file 1: Appendix. In the Appendix, the local and global stability of equilibria for system (2) are discussed,
the condition of permanence is also derived, we can compare these results with stochastic system (5), it shows that
the environmental random perturbation plays an important role, it can not be neglected.
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